Abstract. Drug development for castration resistant prostate cancer (CRPC) is challenging, since this cancer is still associated with high mortality and limited therapeutic options. In 2004, docetaxel became the first-line chemotherapy for CRPC improving survival by a few months and remains the standard of care in CRPC patients. However, existing or developing resistance to docetaxel in patients is the main limitation of its efficacy. The present review presents the molecular mechanisms involved in docetaxel toxicity and in docetaxel resistance in prostate cancer cells. We outlined the endogenous mechanisms of resistance and the role of tumor microenvironment in the resistance of CRPC to docetaxel. This has led us to focus on molecules associated with resistance, such as the molecular chaperones heat shock proteins (HSPs) and clusterin (CLU), and the cytokines interleukin-6 (IL-6) and the divergent member of the tumor growth factor family MIC-1 (macrophage inhibitory cytokine-1 also named GDF-15). We discuss their interest as blood-based markers to monitor docetaxel resistance. Finally, new therapies intended to overcome docetaxel resistance of CRPC targeted on these molecular resistance pathways are present.
Introduction
The androgen receptors play a central role in prostate cancer development, their activation stimulates proliferation and inhibits apoptosis of prostate cancer cells (1) . Androgen deprivation therapy is thus the standard first line treatment for advanced prostate cancer (2) . When testicular androgen production is suppressed and/or androgen receptor signaling is prevented, clinical improvement is observed. Unfortunately, these patients invariably relapse and develop castration resistant prostate cancer (CRPC) within 18-24 months (3). Relapse is due to amplification of the expression (4), or to mutations of androgen receptors allowing their activation by progesterone, estrogens (5) and androgen antagonists (6) or to androgen neo-synthesis in prostate tumor or adrenals (7) . Furthermore, nuclear factor κB (NF-κB) and its target interleukin-8 (IL-8) contribute to androgen-independence of prostate cancer cells by stimulating their proliferation (8, 9) .
It was shown that docetaxel increases significantly the overall survival (OS) of CRPC patients with 16.5 months in the prednisome plus mitoxantrone group and 18.9 in the prednisone plus docetaxel group (10) . The analysis of 12 randomized trials provides evidence of clinical benefit for docetaxel-based combination chemotherapy for CRPC patients (11) . Thus, the standard treatment of CRPC patients remains docetaxelbased chemotherapy (12) . However, resistance to docetaxel is a significant clinical problem given that about half of patients do not show prostate specific antigen (PSA) response (10, 13) . They are either spontaneously resistant to docetaxel, or they become docetaxel resistant, but finally and rapidly, the tumor progression goes or comes back in all patients. To bypass this resistance, several new therapies have been developed including cellular immunotherapy or hormonotherapy. But to overcome docetaxel resistance it is critical to precise its molecular mechanisms. Various mechanisms of taxane (docetaxel and paclitaxel) resistance have been studied, but there is no consensus to date regarding a definition of taxane resistance (14) .
We reviewed docetaxel resistance in CRPC patients (in vivo) and cell lines (in vitro). We start with a description of mechanisms of action of docetaxel toxicity in CRPC cells, mechanisms of resistance of CRPC to docetaxel, then we provide insight into several biological markers of docetaxel resistance and finally we present new prostate cancer therapies proposed to overcome docetaxel resistance.
Emerging targets to monitor and overcome docetaxel resistance in castration resistant prostate cancer (Review)
L
Mechanisms of action of docetaxel toxicity in CRPC cells
Docetaxel is known to bind the β subunits of tubulin in microtubules, which stabilizes them, inhibits their depolymerization (15, 16) blocks mitosis and finally induces apoptosis (16, 17) . In CRPC cells, docetaxel induces B-cell lymphoma 2 (Bcl-2) phosphorylation that prevents its heterodimerization and leads to caspase activation and apoptosis (18) in vivo and in vitro (19) . Apoptosis could be induced via mitotic catastrophe (18) or could be independent (20) . Moreover, docetaxel was able to induce apoptosis by nuclear interaction of Smac-DIABLO with survivin (an inhibitor of apoptosis protein, IAP, that regulates the cell cycle) (21) . In addition, docetaxel reduces the expression of androgen receptor on CRPC cells (22) and its mechanism of action seems to involve androgen receptor (AR) nuclear localization and signalling inhibition.
Resistance of CRPC to docetaxel
Prostate cancer cell population is heterogeneous, including stem cells or neuroendocrine cells, and either uses multiple mechanisms of resistance at the same time, leading to selection of docetaxel resistant cells or is modified by docetaxel to become resistant. To study docetaxel resistance, human prostate cancer parental cells and their docetaxel-resistant derived cell lines are currently used, as the androgen-dependent cell line LNCaP, or the androgen-independent cell lines, PC3, DU145 and 22RV1.
Resistance of CRPC to docetaxel can be related to endogenous cell mechanisms by production of secreted clusterin (CLU) for example or to characteristics of the tumour microenvironment, as hypoxia.
Endogenous CRPC cell mechanisms of resistance to docetaxel. Some mechanisms of docetaxel resistance in prostate cancer include constitutive production of molecules as multidrug resistance proteins, p53, CLU. Some of these proteins may be mutated (p53, Bax) or overexpressed [class III β-tubulin, protease-activated receptor 1 (PAR1 or thrombin receptor)]. Furthermore, proteins constitutively expressed as CLU can be overexpressed by stress signal and create a positive loop with enhanced AKT signaling pathway. The ways of docetaxel resistance in CRPC cells are thus numerous and cross overs exist (23) . We spotlight below mechanisms involving drug efflux, drug target, apoptosis, survival pathways, inflammation mediators, as cytokines or chemokines and chaperone molecules.
Drug efflux. Multidrug resistance proteins (MDRP) including P-gp (P-glycoprotein), MRP1 (multidrug resistance-associated protein 1) and BCRP (breast cancer resistance protein), act as pumps of drug efflux with a wide range of substrates including docetaxel, and in various tissues including prostate cancer cells. In CRPC patients receiving docetaxel, MDR1 genetic variations are associated with docetaxel resistance (24) . P-gp is not expressed in PC3 cells, while DU145 and 22RV1 docetaxel-resistance derived cell lines, overexpress P-gp by comparison with parental cells, and inhibition of P-gp restores their reactivity to docetaxel (25) . In addition, docetaxel resistance can be induced by phosphorylation of BCRP by serine/threonine kinase PIM-1 in CRPC cells (26) .
Drug target. By targeting β-tubulin, docetaxel can block CRPC cell mitosis (see above). Moreover, class III β-tubulin isoform, that reduced taxane binding, is highly upregulated in CRPC cells (27) . The overexpression of this isoform confers docetaxel resistance to CRPC cells and inhibiting class III β-tubulin expression increases their sensitivity to docetaxel (28) . Impaired tubulin polymerization by docetaxel can also be evidenced in an LNCaP derived docetaxel-resistant cell line and explained by an F270I mutation in class I β-tubulin (29) .
Blocking apoptosis. p53 protein by regulating the cell cycle and apoptosis plays a key role in docetaxel resistance. It is frequently overexpressed in prostate cancer, which is often associated with mutations (30) . LNCaP cells (bearing wild-type p53) are more resistant to docetaxel than DU145 (bearing mutant p53) and PC3 (lacking p53) cells. Knocking down p53 sensitizes LNCaP cells to docetaxel, indicating that p53 is involved in docetaxel resistance in prostate cancer cells (31) .
Bcl-2 mutation is an extremely rare event in prostate cancer. However, it is shown in CRPC that missense mutation affecting the BH3 domain of Bax is involved in the formation of Bax-Bax and Bax-Bcl-2 dimers (32). It is, therefore, possible that the pro-apoptotic activity of Bax-Bax dimer is lost. Modulation of the expression of Bcl-xL, an anti-apoptotic member of the Bcl-2 family, in PC3 cells renders cells more or less resistant to docetaxel, showing that resistance of these cells to docetaxel is linked to Bcl-xL level of expression (33) .
In addition, activation of PAR1 decreases docetaxel induced apoptosis through NF-κB activation and the upregulation of Bcl-xL (34) . PAR1 is overexpressed in prostate cancer and its ligand thrombin is also overexpressed in prostate cancer patients (34) , thus, this signaling pathway could be involved in vivo in the resistance to docetaxel.
Survival pathways. By itself, docetaxel can induce survival pathways. Indeed, the binding of docetaxel to β-tubulin induces a stress signal that in return activates different survival signaling pathways such as c-Jun N-terminal kinase (JNK), leading to transcription factor activation as signal transducers and activator of transcription-1 (STAT-1), STAT-3, NF-κB. STAT proteins are a family of transcription factors that regulates gene expression to influence differentiation, proliferation, apoptosis and angiogenesis. STAT-1 is involved when DU145 and PC3 CRPC cells are made resistant to docetaxel and this is CLU-dependent (35) . Furthermore, STAT-3 is also implicated in the resistance to docetaxel but via the serine-threonine kinase PIM1 that improves the survival of DU145 cells treated with docetaxel (36) .
NF-κB in the cytoplasm is inhibited by IκB-α. Upon stimulation of IκB kinases (IKK), IκB-α is degraded leaving NF-κB free to translocate to the nucleus and activate a wide variety of survival genes. NF-κB is activated constitutively through IKK activation in both DU145 and PC3 cells but not in LNCaP cells (37) (38) (39) . The constitutive activation of NF-κB prevents the cytotoxic activity of docetaxel, since its inhibition increases docetaxel cytotoxicity in the three cell lines and that docetaxel enhances NF-κB activation (31, 39) . However, when PC3 cells are rendered docetaxel resistant, inhibition of NF-κB activity before docetaxel treatment, increases docetaxel cytotoxicity (31) .
Cytokines and chemokines. Among the targets of NF-κB are the genes that encode IL-6 and IL-8. These cytokines stimulate prostate cancer cell growth in an autocrine and paracrine manner and are involved in the development and progression of prostate cancer (40) (41) (42) (43) . PC3 and DU145 cells, instead of LNCaP cells, show elevated IL-6 and IL-8 production in conditioned media due to constitutive NF-κB activity (40, 42) . Elevated IL-6 expression in CRPC cells activates the JAK-STAT pathway. IL-6 and IL-8 productions enhance proliferation and inhibit apoptosis in PC3 and DU145 cells (42). By these pathways, IL-6 and IL-8 are effectors of NF-κB in the resistance of CRPC cells to docetaxel (39, 42) .
Another inflammatory molecule, the chemokine (C-C motif) ligand 2 (CCL2), is involved in the resistance of CRPC cells to docetaxel. CCL2 is expressed in prostate primary tumors (44) and correlated with their malignant potential (45). CCL2 is also expressed in prostate cancer cell lines (44), its expression is increased in CRPC cells by docetaxel (46). The binding of docetaxel to β-tubulin is sensed by microtubule interacting proteins which leads to activation of JNK signaling. Docetaxel via the JNK pathways upregulates CCL2 expression in CRPC cells (46). CCL2 acts in an autocrine manner to stimulate the Erk/MAP kinase and PI3K/AKT signaling pathways to promote tumor cell survival and resistance to docetaxel (47,48).
Transforming growth factor-β1 (TGF-β1) is upregulated by the transcriptional factors Twist1 and YB-1, and participate to the docetaxel resistance of CRPC cells, as demonstrated in PC3 cells (49). By whole genome arrays, it was shown that TGF-β receptor III (TGFBR3) is upregulated in both PC3 and DU145 docetaxel-resistant cell lines and interestingly other TGF-β members appear deregulated in the same network (TGFB2, TGF-β and LTBP2 for latent TGF-β binding protein 2) (50).
The macrophage inhibitory cytokine-1 (MIC-1, also named growth differenciation factor 15 GDF15) is a member of TGF-β superfamily expressed in numerous cells including epithelial cells and prostate cancer cells but its expression is higher in cancer cells and increased with cancer progression, particularly in prostate tumors and CRPC cells (51). Transcription of MIC-1 is suppressed by Egr-1 and p53, and activated by castration (52), hypoxia (53), HIF-1α and NF-κB (reviewed in ref. 54). MIC-1 overexpression in CRPC cells or their exposure to recombinant MIC-1 enhance their resistance to docetaxel (55). MIC-1 is upregulated in PC3 cells made resistant to docetaxel and its downregulation by siRNA sensitizes to docetaxel (56). Enhanced level of secreted MIC-1 in PC3 cells is associated with their acquisition of epithelialmesenchymal transition phenotype and docetaxel resistance, the downregulation of MIC-1 improves the efficacy of docetaxel cytotoxicity even in prostate cancer stem/progenitor cells (57). Therefore, docetaxel resistance and MIC-1 expression are directly linked in the total prostate cancer cell mass.
Chaperone molecules. Chaperone proteins are key components of alternative growth factor pathways upregulated in CRPC and are involved in docetaxel resistance pathways.
Heat shock proteins, notably HSP27 and HSP90 are overexpressed in CRPC cells and strategies to inhibit their expression restore docetaxel sensitivity. Nevertheless, clinical trials with HSP90 inhibitors have to date not succeed in improving overall survival, but trials with HSP27, second generation antisense drug (OGX-427) have shown a decrease in circulating tumor cells (CTC) in mCRPC patients, validating this chaperone therapeutic target. An ongoing study is now conducted with co-treatment of CRPC patients with docetaxel and OGX-427 (58). Clinical studies in CRPC patients targeting these chaperone molecules HSP90 and HSP27 and the chaperone clusterin are reported in Table I. CLU is a key protein in the resistance to cancer chemotherapy, especially in the resistance of prostate cancer to docetaxel. CLU exists in two forms: a truncated nuclear form (nCLU) and a secreted form (sCLU). nCLU promotes CRPC cell death, however, nCLU is not detected in prostate tumor cells (59,60) and in contrast sCLU prevents cell death. nCLU and sCLU are not produced at the same time, there is a shift from nCLU to sCLU production or vice versa (61), (reviewed in ref. 62). The level of overexpression of sCLU in docetaxel PC3-resistant cells is correlated to their level of docetaxel resistance (25) . sCLU knockdown using antisense oligonucleotide increases the sensitivity of resistant PC3 cells in vitro (63) and in vivo (64) . sCLU expression is induced by docetaxel via STAT-1 in PC3 and DU145 cells, it is higher in cells made resistant to docetaxel than in parental cells and inhibiting sCLU expression restores the reactivity to docetaxel (35, 63) . It has been shown that AKT inhibition, either by a pharmacologic agent or by overexpression of dominant-negative AKT, suppresses CLU expression in the docetaxel resistant CRPC cells and sensitizes them again to docetaxel (59). Furthermore, these experiments and the transfection of constitutive active AKT that induces STAT-1 activation, show that CLU expression is dependent of AKT. CLU exerts its anti-apoptotic effect by binding unfolded proteins to prevent stress-induced protein aggregation. Notably, its binding and stabilization of the Ku70-Bax complex is a key factor preventing mitochondriamediated apoptosis (60). Such CLU binding prevents the release of Bax to the mitochondria to initiate cytochrome c release and the resultant caspase-3-dependent apoptotic pathway.
CLU is regulated by TGF-β1, via YB1 and contribute to the epithelial-mesenchymal transition and metastasis of prostate cancer cells (65) . Moreover, the early growth response-1 (Erg-1) regulates sCLU expression. An inverse relationship between DOC-2/DAB2 interactive protein (DAP2IP) and Erg-1 or sCLU shown in DAB2IP -/-mouse and in CRPC patients, demonstrated that sCLU mediates the docetaxel resistance of DAP2IP deficient prostate cancer cells, since DAP2IP suppresses CLU expression by inhibiting Egr-1 gene transcription (66) . Thus, clusterin is a key target to monitor and overcome docetaxel resistance in CRPC patients and a second generation antisense drug, OGX-011 also named custirsen, inhibiting the secretion of clusterin is now tested in 3 phase III clinical trials in CRPC patients, associated with taxane chemotherapy, as reported in Table I .
Microenvironment is involved in the resistance of CRPC to docetaxel. Docetaxel resistance is due to endogenous cell mechanisms but also to microenvironment. Microenvironment regulates the interstitial fluid pressure that is increased in many solid tumors (67) . As a consequence, transvascular gradient is close to zero, because microvascular pressure is very close to the interstitial fluid pressure, reducing the fluid filtration in solid tumors. As a result, the delivery of drug including docetaxel in prostatic tissue is hindered (68) .
Castration resistance is associated with increased angiogenesis in experimental models of prostate cancer and in patients (69) (70) (71) . However, blood vessels of tumors, including prostate tumors, have multiple structural and functional abnormalities (72) . Tumor vessels are more leaky than normal vessels, that enhances the fluid exchanges between the vascular and the interstitial space. Changes in the transvascular gradient induce a rapid fluid redistribution within the tumor tissue (73) . Enhancement in fluid extravasation improves the delivery of drugs (68) including docetaxel in CRPC.
On the other hand, docetaxel reduces tumor angiogenesis (74) . Docetaxel decreases the number of small diameter blood vessels in PC3 tumors induced in nude mice and acts also on endothelial cells in vitro by inhibiting endothelial cell proliferation and capillary development (75) . Moreover, docetaxel inhibits endothelial cell migration in vitro and in vivo at low, not cytotoxic, doses (76) . This is due to docetaxel inhibition of the VEGF receptor activity (77) . Thus, VEGF and bFGF which are produced in PC3 and DU145 CRPC cells (78) and present in tumor microenvironment (79) are involved in tumor resistance to docetaxel. Consequently, during the course of the treatment, docetaxel itself restricts its access and impairs its delivery to tumor cells by reducing angiogenesis.
By increase of interstitial fluid pressure and decrease of angiogenesis, oxygen diffusion also is prevented making hypoxic areas in numerous solid tumors including prostate tumors (80) . Hypoxic conditions elicit cellular responses designed to improve cell survival. The most important protein regulating the molecular response to hypoxia is the hypoxiainducible factor-1 (HIF-1). HIF-1α expression activates the transcription of genes that are involved in angiogenesis, glucose metabolism, cell proliferation, apoptosis (decrease) and invasion (increase). All these responses would oppose docetaxel antitumor effect, thus, hypoxia is probably involved in docetaxel resistance. However, the few reports dealing with this subject show no modification of docetaxel cytotoxicity against CRPC cells between normoxia or hypoxia (81) or a decrease of apoptosis and an increase of necrosis under hypoxia, but no changes in the overall cytotoxicity (82) .
Moreover, the tumor microenvironment is characterized by modified composition of extracellular matrix, infiltration of immune cells and release of numerous molecules as cytokines and chemokines. Stroma protects PC3 cells from docetaxel cytotoxicity: inhibition of CXCR4 or CXCL12 with antagonist or antibody, sensitized CRPC cells for docetaxel in vivo or in vitro in the presence of bone marrow derived stromal cells or of conditioned media from these cells (83) . CXCR4 is the receptor of CXCL12, it is expressed at the surface of most of tumor cells (84, 85) and is an independent prognostic factor for poor overall survival in prostate cancer (86) . Prostate cancer cells home to the bone marrow toward a CXCL12 Table I gradient (87, 88) , CXCL12 binding to CXR4 protects CRPC cells to docetaxel cytotoxicity (83) . The various intrinsic and extrinsic docetaxel resistance mechanims are summerized in Fig. 1. 
Biological markers of docetaxel resistance
Genomic and proteomic comparisons of CRPC cells or clinical samples from CRPC patients, treated or not with docetaxel, reveal various proteins that are expressed when the resistance is developing (50,89). It is noteworthy that a protein of resistance is not necessarily a marker of resistance. There is an implication of the protein of resistance in the docetaxel resistance. While there is a correlation between the biological marker of resistance, its expression in the tumor or elsewhere (in the blood), and the resistance of tumor to docetaxel, that does not mean an involvement of the biological marker in the resistance. On the other hand, the correlation has to be evidenced in vitro and in clinical trials, to be shown as general and reproducible. Most, if not all, of the intracellular molecules that are candidate cannot be specified as biological markers, mainly because of the tumor heterogeneity that hinder this correlation and regardless to the difficulty to monitor an intracellular biological marker of resistance that would require tumor sampling during the treatment (90) . Thus, we will focus this chapter on markers of resistance to docetaxel that are measured in the blood (serum) of patients and easily monitored during their treatment. There is consensus to accept some proteins as biological markers of resistance, i.e. prostate specific antigen, and the doubling time of its blood concentration, among the candidates are CLU, MIC-1 and IL-6. Other molecules, such as CCL2, are associated with the resistance of CRPC cells to docetaxel but are not acknowledged as biological markers in patients.
Prostate specific antigen (PSA)
. PSA is a serine protease which is routinely used as a biological detection and diagnostic marker for prostate cancer (91, 92) . PSA concentration is associated with tumor volume and the velocity of its concentration doubling time in the blood of patients is well correlated to cytotoxic treatment effectiveness (93) . This parameter is used to monitoring treatment efficacy, for the follow-up of prostate cancer patients and is as a classical outcome measure in prostate cancer clinical trials (94, 95) . Therefore, in a patient, increase in PSA blood concentration is a biological marker of resistance to docetaxel of prostate tumors (96, 97) .
PSA is, to date, the only relevant marker for prostate cancer, nevertheless, it has a low predictive value. Indeed, PSA does not discriminate between aggressive and non-aggressive prostate tumors (98) and in this way PSA is not a validated intermediate endpoint biomarker of survival in advanced prostate cancer (99) . This highlights the importance for an effective prognostic and adapted therapeutic follow-up, to develop new blood biological markers for CRPC patients that would help to monitor the development of drug resistance.
Among other blood biological measures that are now evaluated as secondary outcomes in phase II or in observational clinical trials on CRPC patients under taxane treatment, by docetaxel alone or during the switch from docetaxel to cabazitaxel: i) some are based on cells such as the circulating tumor cell (CTC) enumeration, or the evaluation of the neutrophil lymphocyte ratio (NLR), ii) some are based on RNA analysis by targeted RT-PCR for gene expression profile evaluation, and iii) others are based on protein quantification such as neuroendocrine markers (chromogranin A, neuron specific enolase and progastrin-releasing peptide), bone markers (N-telopeptide of type I collagen and bone-specific alkaline phosphatase) to follow neuroendocrine and bone metastatic tumor cell populations, respectively, as well as already iden- tified docetaxel resistance markers the chaperone clusterin, the cytokines MIC-1 or IL-6. Examples of reported clinical studies recruiting CRPC patients and monitoring their taxane response by different blood biological measures is presented in Table II .
Clusterin. The involvement of sCLU in docetaxel resistance is now generally agreed, numerous data show that CLU is a protein of resistance to docetaxel. sCLU expression is higher in prostate tumors from patients treated with docetaxel than from control patients (63) . Inhibiting clusterin expression in CRPC cells and CRPC patients prevents docetaxel resistance (see last paragraph). The transcription of sCLU is under the control of AP-1 (Jun and Fos), B-MYB, c-MYC, Egr-1, NF-κB, HIF-1α, STAT-1 and p53, some of them can be constitutively active in prostate cancer cells (100) . Moreover, some of these transcription factors are stimulated by constitutively activated signaling pathways, by microenvironment (hypoxia), and the expression of CLU can be induced in prostate cancer cells by castration. As a consequence, most CRPC cells express and produce sCLU and this expression can be enhanced by docetaxel. sCLU is secreted out of CRPC cells and binds to a scavenger receptor (megalin) at the surface or prostate cancer cells, the binding activates the PI3K/AKT pathway that induces sCLU production. Thus, sCLU constitutive expressed is increased by docetaxel and may be able to auto-regulate its own overexpression preventing prostate cancer apoptosis.
Only changes of concentration of the fully processed sCLU identified in the medium of CRPC cells is associated with the degree of cell line resistance to docetaxel (101) . sCLU shows the characteristics of biomarker of docetaxel resistance in CRPC. Its evolution is closely linked with the resistance of CRPC cells to docetaxel. It is easily measured in the blood of patients and can be used to monitor the docetaxel effect. Biochemical recurrence-free survival in patients with elevated clusterin density was significantly shorter than in patients with normal density (101, 102) . CLU is also a protein of resistance to cytotoxic cytokines TRAIL, TNF-α, in CRPC cells (103, 104) and a resistance protein to a variety of drugs in different tumor types: such as taxol in human mammary cancer cells (105) or in human ovarian cancer cells (106) or gemcitabine in pancreatic cancer cells (107) . Therefore, sCLU is a protein of resistance that could be useful as a therapeutic predictive biological marker in various cancers. If the sCLU blood concentration could be used to monitoring and predict docetaxel effectiveness in CRPC patients, inhibition of the expression of this resistance marker provide also an therapeutic approach to overcome docetaxel resistance.
Macrophage inhibitory cytokine 1 (MIC-1)
. MIC-1 inhibits tumor growth and induces apoptosis in the early stages of cancer, while it promotes the proliferation, migration and metastases formation in advanced stages of disease (108), thereby increasing the tumor cell resistance to docetaxel (reviewed in ref. 54). MIC-1 concentration in culture media is higher in docetaxel resistant PC3 cells than with parental cells (55), and is increased in the presence of docetaxel (56). Moreover, enhancement of the concentration of MIC-1 in blood from CRPC patients after the first cycle of docetaxel is significantly associated with cancer progression and shorter survival (56). This enhancement is due to tumor cell secretion since after docetaxel treatment MIC-1 expression is increased in tumor cells of prostate cancer tissue (55).
Furthermore, blood concentration of MIC-1 is an independent marker of high grade prostate cancer (109) and elevated blood MIC-1 concentration correlates with bone metastases (110) . Also in colon cancer, serum MIC-1 level rises with increasing adenoma numbers and high-risk recurrence (111) . Thus, MIC-1 could be a predictive biological marker for docetaxel effectiveness in CRPC patients. MIC-1 could predict, after the first cycle of docetaxel, the early resistance in CRPC patients and allow a decision: to continue or to stop the treatment. The evolution of this blood marker concentration will be followed in a clinical trial recruting 150 CRPC patients on docetaxel treatment (Table II) .
Interleukin 6 (IL-6).
In CRPC patients treated with docetaxel, elevated baseline of IL-6 concentration in serum is inversely correlated with time to progression and overall survival. Median overall survival was 6.8 months in patients with high IL-6 (>14 ng/ml) vs. 16.6 months in those with low IL-6 (≤14 ng/ml) (39) . IL-6 appears to be involved in docetaxel resistance, however, conflicting data exist in the litterature (112) . Recently, pre-treatment IL-6 level was identified as independent prognostic factor for overall survival in CRPC patients treated with docetaxel (n=72), this pre-treatment IL-6 level correlating with nuclear NF-κB/p65 tumor staining and response to docetaxel, but IL-6 level changes under treatment and did not correlate with clinical outcome (113) . As for clusterin, strategy to inhibit IL-6 synthesis and to overcome docetaxel resistance are under evaluation. Serum C reactive protein (CRP) production by the liver may reflect the activity of inflammatory cytokines such as IL-6 that can be produce by docetaxel-resistant prostate cancer cells. CRP functions adequately as a clinical marker, therefore, a modified Glasgow prognostic score (mGPS) has been proposed. CRP quantification is included as an independent prognostic factor for overall survival (114).
New therapies intended to overcome docetaxel resistance of CRPC
The aims of these therapies are either to bypass docetaxel resistance using other antitumoral pathways or to inhibit the docetaxel resistance mechanisms.
Among the other antitumoral approaches, immunotherapy is challenging. Sipuleucel-T in 2010 was the first antitumoral cellular vaccine approved by FDA. In patients with metastatic CRPC, this cell vaccine resulted in 4.1 months improvement in the median overall survival (25.8 months in the sipuleucel-T group vs. 21.7 months in the placebo group) (115) . New generation of hormonotherapeutics have also been approved, as the androgen biosynthesis inhibitor abiraterone (CYP17 inhibitor) or the AR antagonist enzalutamide (MDV 3100). In addition is the radiopharmaceutical alpharadin (radium-223 chloride).
The number of new therapies intended to overcome docetaxel resistance development in CRPC are far less numerous.
The therapies are based on different mechanisms. For example, new drugs have been developed, that keep the same molecular target but with limiting drug efflux. This is the case of cabazitaxel, a second-generation taxane that has low affinity for MDR proteins, unlike docetaxel, which is a known P-gp substrate. Cabazitaxel, was recently reported to have an OS benefit in patients with prostate cancer who have progressed on docetaxel (116) and is now approved by FDA.
Moreover, an inhibitor of the NF-κB survival pathway implied in the endogenous docetaxel cell resistance pathway have also been approved for the treatment of CRPC. This is the case of denosumab an antibody against the receptor activator of nuclear factor κB ligand (RANK-L).
Thus, among the treatments which have been approved by FDA for docetaxel resistant CRPC patients, only cabazitaxel and denosumab can be attributed more or less directly to interfere with the pathways of endogenous docetaxel cell resistance (117) .
New therapies for CRPC resistant to docetaxel are currently tested in phase II and III trials, and many new ones are currently on the horizon.
Target therapy to stimulate apoptosis or inhibit survival pathways with monoclonal antibodies or small inhibitors (as IKK inhibitors PS1145, BAY 11-7082) are under evaluation. Concerning the targeting of chaperone molecules, this is the case of custirsen that prevents the production of CLU induced by docetaxel. CLU knockdown using antisense oligonucleotides or siRNA, decreases sCLU expression in CRPC cells and reduces their resistance to docetaxel in vitro and in vivo in nude mice (63) . A phase II trial using a CLU inhibitor (custirsen OGX-011 an antisense inhibitor of CLU) in association with docetaxel is ongoing. Serum CLU concentration was negatively correlated with survival, better PSA response rates is seen in the docetaxel arm (40 vs. 27%) and overall survival confirms this (14.7 vs. 11.4 months) (118) . Three phase III studies looking at the activity of custirsen both in combination with taxanes (docetaxel or cabazitaxel) and after docetaxel are currently underway (Table I) .
Cytokines are also potential targets to overcome docetaxel resistance. A phase I study of a chimeric antibody against IL-6 (Siltuximab) given combined with docetaxel demonstrates the safety of this approach and shows preliminary efficacy in patients with metastatic CRPC (119) . As expected, CRP concentration were suppressed during this treatment.
Moreover, targeting the tumor microenvironment is also challenging to control docetaxel resistance development. Inhibition of angiogenesis theoretically would not overcome docetaxel resistance since docetaxel itself reduces CRPC angiogenesis. However, inhibition of VEGF activity is more than the inhibition of angiogenesis, it is to inhibit VEGF signaling. Combination of bevacizumab, anti-VEGF antibody, with docetaxel in CRPC docetaxel resistant patients in phase II trial showed interesting findings. Major PSA responses were observed in previous responders to docetaxel alone, evidencing that bevacizumab could return activity to docetaxel (120) . However, a phase III study with docetaxel plus prednisone with or without bevacizumab failed to obtain OS advantage and serious morbidity and mortality rates were seen (121) . Another combination of docetaxel in first line and VEGFtrap (aflibercept) under investigation in phase III with CRPC patients has completed accrual and results are awaited (122) .
Other clinical trials are currently investigating the combination of tyrosine kinase inhibitors or anti-apoptotic protein inhibitors with docetaxel in CRPC (reviewed in ref. 123 ) but, with anti-VEGF, they are not truly inhibitors of resistance mechanisms induced by docetaxel, but inhibitors of general mechanisms induced by oncogenesis. Intermittent therapy to avoid docetaxel resistance has not be sucessful (124) . Since many therapeutic options are under evaluation to overome docetaxel resistance, more investigations should be performed on the optimal combination or the sequence of treatments needed in order to maximize the clinical benefits for the patients.
Conclusion
There is no standard second line treatment for CRPC patients resistant to docetaxel. Since 2010 Food and Drug Administration (FDA) and European Medicines Agency (EMA) have approved six new molecules: cabazitaxel, abiraterone, enzalutamide, Sipuleucel T, denosumab and Alpharadin. Cabazitaxel is a second-generation taxane, abiratrone is an inhibitor of cytochrome P450 that inhibits de novo biosynthesis of androgens, enzalutamide is an androgen receptor antagonist, Sipuleucel T is an immunotherapy, denosumab is an antibody against RANK ligand and Alpharadin is a radiopharmaceutical. Most of these new molecules are not intended to directly overcome docetaxel resistance. Although to bypass docetaxel resistance using molecules that go by other pathways is intellectually, a priori, more satisfactory, to inhibit the mechanisms of docetaxel resistance could be perhaps more secure. We know that docetaxel is effective, it would be perhaps easier and more profitable to overcome its mechanisms of resistance than to find new effective pathways. Indeed, as we report in the present review many data support the investigation of targeted therapies to enhance the antitumor activity of docetaxel, and custirsen may give the answer. 
